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Fluorescence resonance energy transfer (FRET) from individual, dye-labeled RNA
molecules confined in freely-diffusing attoliter-volume aqueous droplets is carefully
compared to FRET from unconfined RNA in solution. The use of freely-diffusing
droplets is a remarkably simple and high-throughput technique that facilitates a
substantial increase in signal-to-noise for single-molecular-pair FRET measurements.
We show that there can be dramatic differences between FRET in solution and in
droplets, which we attribute primarily to an altered pH in the confining environ-
ment. We also demonstrate that a sufficient concentration of a non-ionic surfactant
mitigates this effect and restores FRET to its neutral-pH solution value. At low
surfactant levels, even accounting for pH, we observe differences between the distri-
bution of FRET values in solution and in droplets which remain unexplained. Our
results will facilitate the use of nanoemulsion droplets as attoliter volume reactors for
use in biophysical and biochemical assays, and also in applications such as protein
crystallization or nanoparticle synthesis, where careful attention to the pH of the
confined phase is required.
a)Electronic mail: lgoldner@physics.umass.edu
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Single-Molecule-Sensitive FRET in Droplets
Single-molecular-pair fluorescence resonance energy transfer (spFRET) is widely used in
molecular biophysics to understand folding, binding, and structural changes in proteins1 and
RNA.2 In the simplest and most frequently used application of spFRET, fluorescent photons
are detected as a molecule diffuses through a femtoliter-volume confocal detection region.
The number of photons detected depends on the brightness of the molecule and length of
time spent (dwell time) in the detection volume, typically < 1 ms. To some extent, the dwell
time, and therefore the signal, can be increased by adding sucrose or glycerol to increase
the viscosity of the solution. An increase in the detection volume also increases the dwell
time, but the gain in signal is offset by a concurrent increase in background that limits this
option.
Alternatively, the dwell time of a biomolecule can be dramatically increased, and the back-
ground minimized, by confinement in a nanocontainer that is larger than the biomolecule
but smaller than the detection volume. Two common candidates for molecular confinement
are droplets3 and liposomes;4 their relative merits have been discussed elsewhere.5 It has
long been assumed that confinement does not perturb FRET measurements; here we test
that assumption for molecules confined in water-in-perfluorinated-liquid nanodroplets.
The Stokes-Einstein diffusivity for a spherical particle is D = kBT/6piηr, where r is the
hydrodynamic radius of the particle, kB is the Boltzmann constant, T is the temperature and
η is the dynamic viscosity. The dwell time τ ∝ w2/D where w is the waist of the confocal
detection volume (260 nm), so that τ scales with the radius of the particle and the viscosity
of the medium. The droplets used in this study had a log-normal size distribution, with
〈r〉 = 101 nm to 135 nm as measured both by absorption (Mie scattering) and dynamic light
scattering (DLS). For a typical sample, 〈r〉 = 118 ± 10 nm with 95% of droplets between
r = 76 nm and r = 175 nm. Corresponding volumes were 1.8 aL - 22 aL with a mean
of 6.9 aL, resulting in τ ≈ 12 ms for droplets in FC-77 (Flourinert, 3M) and τ ≈ 38 ms
for droplets in FC-40 (Flourinert, 3M); this should be compared with a τ ≈ 375 µs for a
molecule with 〈r〉 = 5 nm in water.
At a nominal concentration ≤ 20 nM, 6.9 aL droplets contain ≈ 0.08 molecules on
average, and the probability of finding more than 1 molecule in a droplet is ≤ 0.003. Empty
droplets are not detected. Biomolecules confined in these droplets have been observed to
rotate freely6,7 and show no evidence of sticking at the perfluorinated boundaries (Fig. S4).8
This observation does not rule out more subtle interactions with the boundary.
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The confined molecule is 16-base-pair duplex RNA (IDT), with Cy3 and Cy5 (Glen
Research) at the 5′ termini,9 prepared in 20 mM Tris with 200 mM NaCl. For measurements
on RNA unconfined in solution, the buffer contained 50 or 100 pM dsRNA with 100 nM
protocatechuate-3,4-dioxygenase (PCD) and 2 mM protocatechuic acid (PCA) for oxygen
getting10 and 1 mM methylviologen (MV) for triplet quenching. For use in droplets the buffer
was prepared at pH 7.8, and contained dsRNA at 10 or 20 nM with 10 mM PCA, 50 nM
PCD and 1 mM MV. Droplets were formed by adding 2 µL of this RNA-containing buffer
solution to 200 µL of a continuous phase consisting of degassed Fluorinert8 with a triblock
copolymer surfactant [perfluoro polyether (PFPE)–polyethylene glycol–PFPE, RainDance]11
at a concentration of 0.1%-2% (w/w). After shaking, the mixture was placed in an ultrasonic
bath (Branson 1510) for 2-4 minutes, forming an emulsion. For all measurements, ≈ 50 µL
of sample was withdrawn and placed between a coverslip and microscope slide separated
by double-sided sticky tape, which was sealed with grease or wax. Data were acquired on
an Olympus IX50 microscope modified for single-molecule confocal detection with a 50 µm
pinhole. A UPlanSApo 60×, 1.2 NA water immersion objective was used for fluorescence
excitation and collection of emitted photons. The donor dye (Cy3) was excited at 514 nm
(Argon-Krypton laser) with a nominal power at the scope entrance of 50 µW. Fluorescent
photons were split into two channels (donor, acceptor) and detected using single-photon-
counting avalanche photodiodes (τ -SPAD by Picoquant). Photon timing information was
recorded with 8 ns resolution.12
A comparison of fluorescence from RNA unconfined in solution to RNA confined in
droplets is shown in Fig. 1. Photons in the donor and acceptor channels are binned in
5 ms intervals and plotted in blue and red, respectively. The smaller panels on the right
are 0.5 s expansions of the data colored black in the left panel. The peaks correspond to
molecules diffusing across the detection volume. As expected, τ  5 ms for RNA in solu-
tion, Fig. 1(a), so the peaks typically consist of only one or two above-background bins. For
molecules confined in aqueous droplets in FC-77, Fig. 1(b), or FC-40, Fig. 1(c), τ is substan-
tially larger, with many more photons detected. Fluorescence correlation spectroscopy was
used to confirm that the dwell times were consistent with the predictions of Stokes-Einstein.
In FRET, an excited donor dye transfers its energy to a redder acceptor dye with an
efficiency given by E = [1 + (R/RF )
6]−1, where R is the distance between dyes and the
Fo¨rster radius RF ≈ 5.8 nm for this system at neutral pH.9 Following convention,13 we
3
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FIG. 1. A comparison of fluorescence from doubly-labeled RNA duplexes (a) in solution (b)
confined in droplets diffusing in FC-77 and (c) confined in droplets diffusing in FC-40. The acceptor
channel is plotted in red, and the donor-channel is plotted upside-down in blue, with the associated
axis label on the right. A 30 s portion of the 25-75 min long data sets are shown on the left; the
small panels on the right are an 0.5 s expansion of the data colored black in the left panel.
report the histogram of the closely related proximity ratio:
P =
NA
NA +ND
(1)
where NA and ND are the number of photons in the acceptor and donor channels, respec-
tively, in a given bin. P differs from E only due to background, crosstalk, and differences in
quantum yield or collection efficiency of the two dyes.13 Defining Nt = NA +ND, proximity
histograms are formed using all bins with Nt greater than a threshold, Nth, given below.
Proximity ratio histograms for a bin time of 2 ms are shown in Fig. 2. Histograms were
fit with the sum of three beta probability distribution functions (PDFs). The donor-only
population, with 〈P 〉 ≈ 0.15 due to crosstalk, was removed by sampling.8 The best fit to
the FRET peaks, and the component beta PDFs, are plotted with black and grey lines
respectively. Fit parameters and peak statistics are given in Table I.
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The proximity histogram for RNA unconfined in solution at pH 7.8 with Nth = 25 is
shown in Fig. 2(a). Data taken at pH 7.8 were indistinguishable from pH 7.0. It is not
possible to substantially increase the threshold from Nth = 25; only 138 bins have Nt ≥ 50.
FIG. 2. Proximity histograms and fits for RNA (a) in solution at pH 7.8 with Nth = 25; (b) in
droplets in FC-40 with 2% (w/w) surfactant and Nth = 75; (c) in droplets in FC-40 with 1% (w/w)
surfactant and Nth = 75; (d) in droplets in FC-40 with 0.1% (w/w) surfactant and Nth = 50; (e)
in solution at pH 5 with Nth = 60. See Table I for fit parameters.
Figs. 2(b,c,d) are the proximity histograms for RNA in droplets in FC-40 with 2%, 1%,
and 0.1% (w/w) surfactant, respectively. With 2% and 1% surfactant, the main peak in the
droplet histogram has 〈P 〉 that is indistinguishable from that of the pH 7.8 solution data
within the ±0.01 uncertainty attributable to drift in the optics. However, the width of the
histograms, which determines statistical uncertainty and the ability to discern heterogeneous
populations, is substantially narrower for droplet data. This is a result of the increase in
signal afforded by droplet confinement, which allowed a threefold increase in Nth over that
5
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of the solution data (Table I). A homogeneous peak in the proximity histogram (i.e., from a
Poisson emitter) has a shot-noise limited variance13 σs
2 = [〈P 〉 (1− 〈P 〉)]/〈Nt〉. The factor
of 2.6 increase in 〈Nt〉 gave a 60% decrease in σs.
In all cases, the standard deviation of the distributions, σd, is larger than σs (Table I).
In general we attribute this, and the need for more than one beta PDF, to photophysical
transitions which are known to heterogeneously broaden proximity histograms of cyanine
dyes.14
All previous reports of spFRET from droplet-confined molecules3,15,16 used optically
trapped droplets and the water-soluble surfactant Triton X-100. In these conditions,16 and
at 0.1% fluorinated surfactant, FRET in droplets, Fig. 2(d), differs dramatically from so-
lution FRET near neutral pH. The histogram is both shifted from, and more distinctly
heterogeneous than, that of the pH 7.8 solution data. For the peak at lower P , repetitions
of the low-surfactant droplet measurements (e.g., Fig. S5)8 gave the same 〈P 〉 within the
±0.01 uncertainty. The second population had larger 〈P 〉 and smaller σd for FC-77 than
FC-40, Table S II.8 The relative amplitude of the two peaks varied substantially; in rare
cases the higher FRET peak was the larger of the two (Fig. S5).8 This RNA molecule has
only one structure and photophysical effects should not cause such an obvious heterogeneity.
In searching for an explanation for the FRET shift of Fig. 2(d), we discovered that FRET
for this system is pH dependent. Fig. 2(e) is a proximity histogram for RNA in solution at
pH 5 that shows a similar shift in FRET; pH 4, 5, and 6 FRET data were indistinguishable
(Fig. S6).8 As discussed below, we also discovered that that low-surfactant droplets are
acidic; we believe this explains the observed shift of the proximity ratio in droplets.
However, with values of Nth chosen to give similar values of 〈Nt〉 Figs. 2(d and e), we see
immediately that the two proximity histograms still differ, with a more obvious splitting of
the peak in the droplet data. Hypothesizing that the droplet interface might play a role in
this difference, we looked for a correlation between proximity ratio and droplet size using
photon-burst time length8 as a proxy for size. Pearson’s coefficients for burst time and 〈P 〉
in a burst were between −0.1 and +0.1, indicating no correlation. However, the use of burst
length as a proxy for size is imperfect; we cannot rule out that surface effects play a more
subtle role.
We propose that changes in the Fo¨rster radius RF
6 = 9c4JηDκ
2/8pin4, resulting from a
modified pH in low-surfactant droplets, can account for the observed shift in 〈P 〉. Here n is
6
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〈Nth〉 Fig A α β 〈P 〉 σd σs bins 〈Nt〉
25 1a 0.80 19.63 11.61 0.628 0.094 0.083 1169 37.0
25 1a 0.20 6.32 2.49 0.718 0.149 0.078 303 37.7
75 1b 0.67 43.39 26.64 0.620 0.057 0.050 898 99.6
75 1b 0.33 13.04 6.64 0.663 0.106 0.048 472 100.5
75 1c 0.68 37.28 22.10 0.628 0.061 0.048 499 104.5
75 1c 0.32 14.20 6.05 0.701 0.108 0.046 241 104.5
50 1d 0.39 40.65 16.39 0.713 0.067 0.052 2055 85.1
50 1d 0.61 5.00 1.59 0.759 0.162 0.049 3369 87.0
60 1e 0.78 14.24 6.15 0.699 0.102 0.052 449 83.3
60 1e 0.22 22.67 4.00 0.850 0.067 0.040 126 83.8
TABLE I. Statistics and best fit parameters for the proximity histograms of Fig. 2. Nth is the
threshold number of photons per bin, Fig is the corresponding figure, A is the amplitude of the
beta PDF, µ and β are the beta PDF parameters defined in the supplement,8 〈P 〉 is the mean
proximity ratio, σd and σs are the actual and shot-noise limit of the peak standard deviations, bins
are the number of bins under the peak, and 〈Nt〉 is the mean number of photons per bin for that
peak.
the solvent’s refractive index, c is the speed of light, ηD is the quantum yield of the donor
dye in the absence of the acceptor, κ is the orientation term in a dipole-dipole interaction,
and J is a spectral overlap intergral. A spectral shift large enough to substantially change
J would likely degrade the fluorescence signal into either the donor or the acceptor channel:
instead, the brightness of droplet-confined dyes increases in both channels at low surfactant
concentration, Fig. 3. The index difference between FC-40 (FC-77) and water is small, only
0.04 (0.05), and so it cannot significantly affect RF or dye lifetime. This leaves changes in
ηD and/or κ as potential causes of the shift in FRET. Both of these parameters are sensitive
to changes of the dye conformation on RNA, which plausibly depends on pH.
Cyanine dyes are insensitive to changes in pH between 4 and 10.17 However, the phos-
phates along the RNA backbone, which carry a double negative charge at pH 7, become
singly ionized near pH 6. Also, while most ribonucleotides have a pKa < 4, cytidine
monophosphate has a pKa of 4.5; the phosphate backbone further increases the pKa.
18 The
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RNA used here was studied using MD simulations, which showed that the dyes are primarily
base-stacked on the ends of the duplex at neutral pH.9 The RNA has two C-G pairs at each
end, and it is possible that protonation occuring at lower pH causes fraying of the RNA or
otherwise affects the stacking of the dyes on the RNA. Should fraying occur, cyanine dyes
can intercalate into single strands, becoming substantially brighter (larger ηD).
19 It seems
likely that the shift in FRET at low pH occurs due to a modified interaction between the
dyes and the RNA that causes either a change in the dye brightness (which changes RF )
and/or a change in the interdye distance and orientation.
The proposed change in brightness was indeed observed using photon-counting histograms20,21
(PCHs) of donor-only (Cy3) labeled RNA. The PCHs shown in Fig. 3 were taken on the
same day under identical conditions with an excitation power of 50 µW.8 For RNA in so-
lution at pH 7, Fig. 3(a), the data are fit well by two species, presumably Cy3 isomers but
possibly different conformations of Cy3 on the RNA, one with roughly twice the brightness
and < 10% the population of the other. Similar results were obtained at pH 7.8. Below pH
7 a new, brighter species emerges: three populations are required for a good fit. In solution
at pH 4, Fig. 3(b), this new species is roughly eight times brighter than the dimmest species
and comprises roughly 4% of the population. For droplets with 0.1% (w/w) surfactant, the
situation is similar, Fig. 3(c) and (d); the new species is 5 to 6 times brighter than the
dimmest species, and comprises at most 5.5% of the population. Differences between FC-77
and FC-40 are mostly insignificant; a complete set of PCH fitting parameters is given in
Table SIII.8
Using pH sensing dyes, we confirmed that a non-ionic surfactant affects the pH in droplets,
contrary to expectations. Starting with buffer at pH 7.8, droplets with 0.1% (w/w) surfac-
tant had a confined-phase pH of 5.5, while above 1% surfactant the pH was near 7.3. Details
will be reported elsewhere. The acidity of small water droplets with little or no surfactant
was unexpected but should not be surprising. The zeta potential of particles, oil droplets,
and air bubbles in pure water is known to be negative, a phenomena widely ascribed to
the autolysis of water and sequestration of hydroxide ions near or on the water boundary.22
It has been shown that for oil-in-water emulsions, as the interfacial area increase (e.g. by
decreasing droplet size), the pH of the aqueous phase decreases.23 To maintain the pH of
the continuous phase, it is necessary to titrate in enough NaOH to provide one OH- for
every 3 nm2 of surface. For a 100 nm diameter droplet, this corresponds to about 4 × 104
8
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FIG. 3. PCH for donor-only-labeled RNA (a) in solution at pH 7 with a two species fit (line) with
χ2 = 0.7 ; (b) in solution at pH 4 with a three species fit (line) with χ2 = 1.3; (c) in droplets
in FC-77 and 0.1% surfactant with a three species fit (line) with χ2 = 1.1; and (d) in droplets in
FC-40 and 0.1% surfactant with a three species fit (line) with χ2 = 1.4. χ2 is calculated per degree
of freedom and the bin time is 200 µs.
hydroxides sequestered at or very near the surface, more than enough to account for the
observed change in the pH of the confined phase.
In conclusion, FRET in droplets with ≥ 1% surfactant offers better signal to noise and is
otherwise the same as FRET from molecules unconfined in solution. With 0.1% surfactant,
droplets becomes acidic and 〈P 〉 exhibits a shift that is similar in droplets and in bulk
solution at low pH.
However, FRET from RNA confined in low surfactant droplets has greater heterogeneity
than is observed in solution at low pH. One plausible hypothesis is that the kinetics are
different. If the two populations seen in the proximity histograms represent the same dye
isomers or dye conformations on RNA, then the more distinct splitting in Fig. 2(d) might in-
dicate that kinetic transitions are slower in droplets than in bulk solution. When transitions
are fast compared to the bin time, heterogeneities are washed out. Further investigation of
9
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kinetics in droplets would be needed to test this hypothesis. It seems likely that interactions
at the water boundary play a role. Even if a droplet is at neutral pH, there will be a space
charge layer near the surface. This might affect the kinetics, as well as the rotational and
translation diffusion of the molecule.
The authors thank John Randolph at Glen Research, Brian Hutchison at RainDance
Technologies, Anthony Dinsmore, Adrian Parsegian, and Rudi Podgornik at UMass for
useful and illuminating discussion. This work was funded by NSF MCB-0920139 and NSF
DBI-1152386.
REFERENCES
1D. Nettels and B. Schuler, “Single-Molecule FRET of Protein-Folding Dynamics,” in
Single-molecule Biophysics: Experiment and Theory, Vol 146, Advances in Chemical
Physics, Vol. 146, edited by Komatsuzaki, T and Kawakami, M and Takahashi, S and
Yang, H and Silbey, RJ (2012) pp. 23–48.
2P. Li and L. Goldner, “Application of single-molecule fluorescence in rna biology,” in RNA
Nanotechnology, edited by B. Wang (Pan Stanford, 2014) pp. 185–212.
3J. E. Reiner, A. M. Crawford, R. B. Kishore, L. S. Goldner, K. Helmerson, and M. K.
Gilson, “Optically trapped aqueous droplets for single molecule studies,” Applied Physics
Letters 89, 013904 –013904–3 (2006).
4E. Boukobza, A. Sonnenfeld, and G. Haran, “Immobilization in surface-tethered lipid
vesicles as a new tool for single biomolecule spectroscopy,” Journal of Physical Chemistry
B 105, 12165–12170 (2001).
5J. Tang, A. M. Jofre, R. Kishore, J. E. Reiner, M. E. Greene, G. M. Lowman, J. S. Denker,
C. Willis, K. Helmerson, and L. S. Goldner, “Generation and mixing of subfemtoliter
volume aqueous droplets on demand,” Analytical Chemistry 81, 8041–8047 (2009).
6J. Tang, A. M. Jofre, G. M. Lowman, R. B. Kishore, J. E. Reiner, K. Helmerson, L. S.
Goldner, and M. E. Greene, “Green fluorescent protein in inertially injected aqueous
nanodroplets,” Langmuir 24, 4975–4978 (2008).
7A. Jofre, J. Y. Tang, M. E. Greene, G. M. Lowman, N. Hodas, R. B. Kishore, K. Helmer-
son, and L. S. Goldner, “Hydrosomes: Femtoliter containers for fluorescence spectroscopy
studies,” Proceedings of SPIE - The International Society for Optical Engineering 6644,
10
Single-Molecule-Sensitive FRET in Droplets
66440E (2007).
8See supplemental material at [URL will be inserted by AIP] for details of the methodology
and additional figures and tables.
9P. Milas, B. D. Gamari, L. Parrot, B. P. Krueger, S. Rahmanseresht, J. Moore, and L. S.
Goldner, “Indocyanine Dyes Approach Free Rotation at the 3’ Terminus of A-RNA: A
Comparison with the 5’ Terminus and Consequences for Fluorescence Resonance Energy
Transfer.” The Journal of Physical Chemistry B 117, 8649–58 (2013).
10C. E. Aitken, R. A. Marshall, and J. D. Puglisi, “An oxygen scavenging system for
improvement of dye stability in single-molecule fluorescence experiments.” Biophysical
journal 94, 1826–35 (2008).
11C. Holtze, A. C. Rowat, J. J. Agresti, J. B. Hutchison, F. E. Angile`, C. H. J. Schmitz,
S. Ko¨ster, H. Duan, K. J. Humphry, R. A. Scanga, J. S. Johnson, D. Pisignano, and D. A.
Weitz, “Biocompatible surfactants for water-in-fluorocarbon emulsions.” Lab on a Chip 8,
1632–9 (2008).
12B. D. Gamari, D. Zhang, R. E. Buckman, P. Milas, J. S. Denker, H. Chen, L. Hongmin, and
L. S. Goldner, “Inexpensive electronics and software for photon statistics and corerlation
spectroscopy,” American Journal of Physics 82, 712–722 (2014).
13I. V. Gopich and A. Szabo, “Theory of single-molecule fret efficiency histograms,” in
Single-molecule biophysics: Experiment and theory, Advances in Chemical Physics, Vol.
146, edited by T. Komatsuzaki, M. Kawakami, S. Takahashi, H. Yang, and R. Silbey
(John Wiley & Sons, Inc., 2012) pp. 245–297.
14S. Kalinin, E. Sisamakis, S. W. Magennis, S. Felekyan, and C. A. M. Seidel, “On the origin
of broadening of single-molecule fret efficiency distributions beyond shot noise limits,”
Journal of Physical Chemistry B 114, 6197–6206 (2010).
15S. Hicks, J. Case, and A. Jofre, “Conformational Diversity of Short DNA Duplex,” Journal
of Physical Chemistry B 114, 15134–15140 (2010).
16L. S. Goldner, A. M. Jofre, and J. Y. Tang, “Droplet confinement and fluorescence mea-
surement of single molecules,” Methods in Enzymology 472, 61–88 (2010).
17R. B. Mujumdar, L. A. Ernst, S. R. Mujumdar, C. J. Lewis, and A. S. Waggoner, “Cyanine
dye labeling reagents - sulfoindocyanine succinimidyl esters,” Bioconjugate Chemistry 4,
105–111 (1993).
18V. A. Bloomfield, D. M. Crothers, and J. I. Tinoco, “Nucleic acids: Structures, properties,
11
Single-Molecule-Sensitive FRET in Droplets
and functions,” (University Science Books, Sausalito, CA, 2000) Chap. Bases, Nucleosides,
and Nucleotides, pp. 13–43.
19J. B. Randolph and A. S. Waggoner, “Stability, specificity and fluorescence brightness of
multiply-labeled fluorescent dna probes,” Nucleic Acids Research 25, 2923–2929 (1997).
20Y. Chen, J. D. Muller, P. T. C. So, and E. Gratton, “The photon counting histogram in
fluorescence fluctuation spectroscopy,” Biophysical Journal 77, 553–567 (1999).
21B. Huang, T. Perroud, and R. Zare, “Photon counting histogram: One-photon excitation,”
Chemphyschem 5, 1523–1531 (2004).
22J. K. Beattie, A. N. Djerdjev, and G. G. Warr, “The surface of neat water is basic,”
Faraday Discussions 141, 31–39 (2009).
23J. Beattie and A. Djerdjev, “The pristine oil/water interface: Surfactant-free hydroxide-
charged emulsions,” Angewandte Chemie - International Edition 43, 3568–3571 (2004).
24R. M. Clegg, “Fluorescence resonance energy-transfer and nucleic-acids,” Methods in En-
zymology 211, 353–388 (1992).
25B. H. L Novotny, Principles of Nano-Optics (Cambridge University Press, 2006).
12
Single-Molecule-Sensitive FRET in Droplets
SUPPLEMENTARY INFORMATION FOR SINGLE-MOLECULE-SENSITIVE
FRET IN FREELY-DIFFUSING ATTOLITER DROPLETS
I. CONFOCAL IMAGE OF A LARGE DROPLET
Consistent with our earlier work using Green Fluorescent Protein6 and DNA,7 we find
no evidence that RNA sticks at the droplet boundaries. Confocal scanning images of large
(micron) droplets provide evidence that the RNA fills the entire volume with no obvious
preference for the interface, Fig. S4. In this figure, the 16 base-pair duplex RNA labeled with
Cy3 at a 5′ termini (identical to that used for donor-only PCH measurements in the text)
was prepared at 16.7 µM in 20 mM Tris buffer with 200 mM NaCl. Droplets were created
by adding 2 µL of RNA sample into 200 µL perfluorinated oil and surfactant solution as
described below and in the text. Sample was then shaken for 1-2 minutes, resulting in much
larger droplets suitable for investigation by confocal scanning. Droplets were imaged at or
very near to a glass boundary; the confocal image and corresponding line plot are centered
at least one micron above a coverslip.
Fig. S 4. Confocal scanning image of very large droplet in FC-40, as described above.
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II. METHODS
A. Sample Preparation
The RNA 16 base oligo 5′-Cy3-C-G-A-G-U-G-A-C-C-A-G-U-G-A-G-C-3′ and its comple-
ment with and without a Cy5 at the 5′ terminus, were obtained from IDT. Cy3 and Cy5
are indocarbocyanine dyes supplied by Glen Research. Donor (Cy3) and acceptor (Cy5)
labeled ribonucleotides were prepared in 20 mM Tris at pH 7.8 with 200 mM NaCl. In this
buffer, RNA at 0.75 µM was heated to 90◦ C in 5 minutes and then incubated at 90◦ C
for 60 minutes before cooling to 4◦ C over 60 minutes. For measurements on freely diffus-
ing molecules, 100 nM protocatechuate-3,4-dioxygenase (PCD) and 2 mM protocatechuic
acid (PCA) were mixed in 20 mM Tris with 200 mM NaCl and incubated for 10 minutes.
PCA/PCD functions as an enzymatic oxygen quenching system.10 The dsRNA samples were
diluted in this buffer to a concentration of 50 pM or 100 pM with 1 mM methylviologen
(MV).
B. Droplet Preparation
The dsRNA sample was prepared in emulsion as follows: 2 µL of dsRNA at 10 nM or
20 nM with 10 mM PCA, 50 nM PCD and 1 mM MV was added to a 200 µL of a continuous
phase consisting of degassed perfluorinated oil (3M Fluorinert FC-40 or FC-77) with 10−3
v/v perfluorinated surfactant (RainDance).11 After shaking, the mixture was sonicated for
2-4 minutes in an ultrasonic cleaner (Branson 1510), which formed the emulsion. FC-
77 is primarily 2-(nonafluorobutyl)heptafluorofuran, with average molecular mass of 416,
viscosity of 1.3 cP and refractive index of 1.28. FC-40 is primarily perfluorotributylamine,
with average molecular mass 650, viscosity of 4.1 cP, and refractive index of 1.29. Note that
in both cases the refractive index is near but lower than that of water (n = 1.33).
Approximately 50 µL of emulsion was withdrawn and placed between a coverslip and
microscope slide separated by double-sided sticky tape, which was then sealed with silicone
vacuum grease or valap.
Degassing of the perfluorinated oils was achieved by the freeze-pump-thaw method. Per-
fluorinated oils were placed in a sealed Schlenk flask and frozen in liquid nitrogen. The flask
was then opened to vacuum and pumped to 12 mtorr, re-sealed and thawed in a warm water
14
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bath. After sitting for 30 minutes the process was repeated up to five times. During the
final thaw cycle, the flask was filled with dry Nitrogen gas at slightly positive pressure.
C. FRET Measurements
In fluorescence resonance energy transfer (FRET), an excited donor dye transfers its
energy to a redder acceptor dye if the molecules are sufficiently close:
E =
1
1 +
(
R
RF
)6 , (S2)
where E is the energy transfer efficiency, R is the distance between dyes and the Fo¨rster
radius RF is given by
24,25
RF
6 =
9c4JηDκ
2
8pin4
. (S3)
In this expression, n is the solvent’s refractive index, c is the speed of light, ηD is the quantum
yield of the donor dye in the absence of the acceptor, and κ is a factor that describes the
relative orientation of the dyes; 〈κ2〉 = 2/3 for freely rotating dyes. The symbol J describes
the overlap of the donor emission and acceptor absorption spectra.25 With the assumption of
fast and freely rotating dyes, and sufficiently rapid fluctuations in R, Eq. S2 can be directly
used to determine the distance between disparate points in a molecule; more frequently it
is used to qualitatively observe global changes in molecular structure or binding. Cyanine
dyes on RNA are not freely rotating9 and so FRET cannot be calculated from Eq. S2.13
From MD simulations on this duplex9 at neutral pH we know that 〈κ2〉 can be quite low.
The shift to higher FRET at low pH may therefore be the result of a larger value of 〈κ2〉 for
dyes on protonated RNA.
In considering the causes of the difference between FRET at low and high surfactant con-
centrations, we also examined potential experimental artifacts. Efforts to measure crosstalk
and the parameter γ, that describes the relative quantum yields and collection efficiencies
of the two fluorescence channels,13 gave similar results for all data. Additional surfactant
sometimes raised the background slightly, but the resulting difference in P is insignificant.
FRET for this system was also insensitive to salt concentration from at least 100 mM to 800
mM (data not shown), so it is unlikely that any difference in the salt conditions in droplets
resulting from different conditions at the surface could explain the observed shift.
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D. Proximity Histograms and Fit Results
Proximity ratio histograms were modeled by the sum of up to three beta probability
distribution functions (beta PDFs), representing the donor-only peak and up to two distinct
FRET peaks:
P (x|{Ai, αi, βi}) =
2 or 3∑
i=1
Ai
xαi−1(1− x)βi−1
B(αi, βi)
. (S4)
The normalization constant is the beta function B(α, β) = Γ(α)Γ(β)/Γ(α + β). Best fit
parameters were determined by the method of nonlinear least squares. Each data bin was
then assigned to a specific peak i as follows. From the best fit parameters, the weighted
probability of each bin to be in state i = 0 is first calculated. A variate is then drawn from a
uniform distribution on the interval of 0 to 1. If this variate is greater than the probability
of the bin to be in state i = 0 then the bin is re-assigned to state i = 1. If there is a third
state, another variate is drawn for each i = 1 assignment, with a resulting re-assignment to
state i = 2 if the variate is greater than the probability of the bin to be in state i = 1. Bins
assigned to state i = 0 belonged to the donor-only population and are not included in the
proximity histograms here or in the text.
For completeness, we include here an additional example of the proximity ratio histogram
of RNA confined to droplets in FC-77, evaluated at various values of 〈Nth〉. The data in
Fig. S5 had the largest high-FRET peak observed; in most other cases, the lower 〈P 〉 peak
had the larger amplitude for 〈Nth〉 = 75.
〈Nth〉 Fig A α β 〈P 〉 σd σs bins 〈Nt〉
25 S2a 0.45 30.82 12.21 0.716 0.071 0.071 1478 47.1
25 S2a 0.55 4.87 1.03 0.826 0.147 0.061 1676 49.5
50 S2b 0.64 35.46 14.00 0.717 0.071 0.056 744 70.3
50 S2b 0.36 17.42 1.57 0.918 0.063 0.034 419 75.8
75 S2c 0.61 43.62 17.07 0.719 0.055 0.047 213 92.0
75 S2c 0.39 34.29 2.19 0.940 0.039 0.024 137 102.1
Table. S II. Fit parameters for data of Fig. S5.
In Fig. S6 we show proximity histograms of RNA at three different pH in solution, on
the same plot, for comparison. Data at pH 5 was similar to pH 4 and pH 6.
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Fig. S 5. Proximity histogram of RNA molecules confined to freely-diffusing aqueous droplets in
FC-77. Photon bin time is 2 ms. The three panels represent the same data but with different
thresholds for inclusion in the histogram: (a) Nth > 25, (b) Nth > 50, and (c) Nth > 75. The data
are fit with beta PDFs; fit parameters are given in Table S II.
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pH threshold A α β 〈P 〉 σf σs bins 〈N〉
7 25 0.460 10.92 4.65 0.701 0.112 0.0855 622 29.23
0.540 16.45 10.73 0.605 0.092 0.0922 686 28.70
6 25 1.000 7.44 2.43 0.754 0.131 0.0745 2379 36.03
4 25 1.000 7.58 2.64 0.741 0.131 0.0759 1272 35.71
Table. S III. Fit parameters for the data of Fig. S6
.
Fig. S 6. Proximity histograms from freely diffusing RNA at (a) pH 7.0, (b) pH 6 and (c) pH 4.
Photon bin time is 2 ms, and the threshold for inclusion in the histogram is set at Nth > 25 in all
three cases. The data are fit with beta PDFs, fit parameters are given in Table S III. Note that at
this low threshold, the low pH proximity histograms are well fit by a single beta PDF.
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E. Photon-Counting Histogram Analysis
A photon-counting histogram (PCH) is a histogram of the number of photons per bin
during a photon-counting experiment. Analysis of the PCH gives the average brightness
and average number of molecules in the detection volume for multiple species. Species
are distinguished only by their brightness, not by their diffusivity as in fluorescence cor-
relation spectroscopy (FCS). PCH is often used as a complement to FCS in the analysis
of photon statistics in single-molecule-sensitive measurements. PCHs are modeled by a
super-poissonian distribution as developed by Chen et al.20 and later updated by Huang
et al.21 Here we follow the method and nomenclature of the latter. This model assumes a
cylindrically symmetric three dimensional Gaussian detection volume, with two correction
parameters that describe deviations from Gaussian. Fitting parameters therefore include
the brightness  and molecular concentration 〈n〉 for each species as well as beam-shape
correction factors F1 and F2. The parameter F1, called the out-of-focus emission ratio, gives
the ratio of the photons detected in the non-Gaussian part of the beam to the Gaussian part.
When F1 is large it becomes necessary to use a second parameter F2 which increases the
probability that a molecule in the non-gaussian part of the beam contributes two photons
instead of just one. This is the approach developed by Huang et al.21 and used to produce
the fits in Fig. 3 of the text.
For all fits the the Gaussian beam waist was taken to be 260 nm with an aspect ratio
of 9:1, as suggested by a calibration of the instrument using FCS. We chose the arbitrary
parameter21 Q = 6 and used a bin time of 200 µs.
When fitting the droplet and low pH solution data it was found that a fit with one or
two species did not work well. Such fits resulted in a large χ2, and/or non-random residuals
and/or very large standard errors on some of the fit parameters. A model with three species
gave values of χ2 per degree of freedom near one in all cases. The pH 7 solution data were
fit to two species. Fits to one species were unsatisfactory with large χ2 or residuals, and
attempts to add a species gave meaningless results for the third species. We chose to fix
the parameter F1 for pH 4 solution data to the same value found for the pH 7 data since
this is a shape parameter that should be nominally the same for all solution data; small
differences in alignment or index of refraction at low pH might account for the small change
in F2 that was required for a good fit. For droplet data we found it necessary to let the shape
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sample 〈n1〉 1 〈n2〉 2 〈n3〉 3 F1 F2
FC40 0.0409(5) 2.45(37) 0.0189(12) 9.19(55) 0.0035(14) 15.2(1.1) 1.27(7) 0.012(3)
FC77 0.0532(21) 3.32(29) 0.0217(21) 8.41(37) 0.0013( 3) 17.9(1.0) 1.45(4) 0.022(2)
pH 4 0.083(12) 1.11(69) 0.056(28) 3.24(62) 0.0064(13) 9.22(48) 1.38(fixed) 0.0258(5)
pH 7 0.18(11) 2.7( 7) 0.0055(18) 6.5(5) – – 1.38(4) 0.048(4)
Table. S IV. PCH fit parameters of the data in Fig. 3 in the text. Uncertainties are given in
parentheses and represent the error on the last digits.
parameters vary to obtain good fits: It is reasonable to assume that the different indices of
the oils and presence of the droplet may alter the shape of the detection volume. The final
values of the shape parameters were only slightly different from those found in solution.
F. Burst Detection
Burst detection was accomplished using a simple Bayesian method based on photon
inter-arrival times. All the photons (both channels) are used, and the method distinguishes
between photons from fluorescent bursts and photons from background. To determine if the
ith photon originates from a burst, the arrival times of N photons on either side of the ith
photon were examined. Here we use a“window” with N = 5 photons.
Starting with the assumption of two Poisson processes, we assigned initial rates λBurst
and λBG associated with each. Rather than considering directly the probability that the
ith photon originates from either background or burst, we consider first that fast fluctua-
tions between the two states are unphysical; a single ”burst” photon between long stretches
of background photons, and the opposite, should be avoided. We therefore consider the
probability that 2N + 1 sequential photons all originate from a burst:
P =
i+N∏
j=i−N
P (τj|λBurst). (S5)
We compare this with the probability that the same photons originate from background:
Q =
i+N∏
j=i−N
P (τj|λBG). (S6)
Defining
R =
wBurstP
wBGP + wBurstQ
, (S7)
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the ith photon is assigned to a burst if S < R, where S is a random number uniformly
distributed on the interval 0 to 1. The weights wBurst and wBG are initially set equal to
1, and after the first iteration are calculated from the sample. This process converges by
approximately 20 iterations for most data sets.
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